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AIISTRACT

NASA is ~,lallnil~g  a number of excjtirlg s,~,acc
science and space exploration missions into
the ea>”ly i?lst Cer]tury. Most of t}lc’se. ,
rr)]s,slclIl~;  al c nlzls,?., vc>]umc> aIICl cost critic+]]
ar]ci tlc’rlcc’ I c,qui I c> k,at-tc,l-ies wit]] }Iig}l
s}}lccific:  CIIeIqy ar)d CIICI-gy dell~,jty.  st~tc-
c] f-t}lc, -a~-t Ag-7, tI aI]d Ni -~d hat. t e]-ic,  s,
tc)o ll[,:ivy

are
tilld k)ulky for mar)y of t})c!s!c

future, missic)lls. ‘1’0 ruect t}iese chal lc2ngc,s
.11)], j~ clc~vc~lc)~~irjg  a num}jcr c) f acivanced
i,tttt~l”i~:;  UIId C’r a NASA s~,crn  sored prcxjr  am.
‘J’tle acivarlc-ed l~atteries prc, sc, rlt.ly UIldcI-
cl~velc,pnlc,rlt.  a]-c,: ]) lli-SOC12 cells, 2)
sec:c,rlclary  littlium cells; 3) advarjcc,d meta]
}]yd~-iclc, cc’]]: :111<1 ‘1) }Iicj}l t C,nl[)r  rat UI-C,
:;(1c1 j L)rn- riic:kf.] cl]lc]l-iclc,  c:<,] 1s. ‘1’}lis  ~)al]er
[Jives arl cIve I vie, w c) f t }1<, JI’I Aclvarlced
1,.it t cl-y 1’1 [ICJ1 .11)1.

INTRODUCTION

SOA k,attel-ies) , 2) I’cciucc~ k)attel-y  vc)luluc~ (
2-3 times), 3) illcrc,asc c)pc,l-atic]rr  life ( >
10 yc!ars)  , 4) improve specific Ijc>weI- a ncl
power density, 5 ) ext encl active
storaqe\c}larrge  rc,tel)tic)n ancl 6) inrl)rove
ca~)at, i]ity t c) Clperat  e ulldc’>- Cxt 1 C,nlc’
c~rlvil- c)r]mer]ts. Ttles;c’ inl[,l-c)vcn[cl)t  s a rc
prc)jectc,cl tc) result irl sigrlificar]t  laurlc])
Cc>:;t s.avi r]gs 1 llcr(~a::c.arlci i n pay] C)ad
capak)i 1 ity. Nc) c)nc, ~irrglc l)attcry system
call meet all thc~sc> I-e CJLli rc~nl~rlt-s . Sc)lllc
al)pl icatic)r)s.  rec~uire llicjlr spc,ri fic c,IIc~rqy,
and 1 C)ncj act ive she] f life l)rinlary
k)atterirs (plal]etary pl-c)kjc~s , launcil
vehicles) ant] sc)mc others rec~uire }ligh
specific: Qrlcr-gy 1 oncj life s;ecc}rlcla~-y
l)attc,lic,s (~)lar,et.ary  sl,aCccl-aft  ar]d r,c,al-
Cartl] missic)rrs)  . ‘1’c] meet tl)c:;c  tcc}lrlical
C}lal lellqes, J}’ll is. (levelc)~ling  a rlun[l,cr-  of
aclvarlr. ecl t)at tc~ri es, UIICIC’I- a NASA sl)c)rlsc]r-ccl
I,r-c>cjr?lrll. ‘1’llis pa}]c,r cjivc,s al) c)vcrvieuj c]f
ttlc’ (1}’], AdvaI]cc,cl ilatt cl-y 1’1 OCJI :1111 and
summariz,cs, tile status c,f the clcvc,]c]~,nlprlt  clf
val-ic]us  hatter-y t~cl]rlc)]ocjic,:;  at J1]],.

JPI, ADVANCED BATTERY PROGRAN OVERVIEW
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made at ‘ J.1’1, to elate i n I_llc’sc! vari CJUF;
t,attq]-y tccdlrlolcrgi es.

PR1M7LRY 1,1- SOC12 CE1,l, PROGR7LM

‘1’}ic, lit}liurn-t}li  c,nyl ct)loriclc.  cell pc,sses:;
hig}l~r spc,~i f ic energy and ene. rcjy cle. nsity
than any currently available primary co]] .
Oth~r Clcsirak,lc, features of these cells
?rI’c : ]ligllc,r c)~)cl-atirlg vo]taclc,, C,xcc,l  1 Cnt
Vc)ltage stai)ility over g:,% c) f tllc’
discllarg~, c)~)eratirlcj car)ahility over a wide,
c)~)el-at il)cj t c,nl~,c,  rat ure rancjc, , a n cl
Cxcc,])t.ic)l)ally  lc)IIg active st.oragc! 1 ifc~. II]
view of thrse features NASA is cc)nsiclc,~-i!]g
tcl Llsc’ t)]cs(, c:c, ] ]:, / ljattc.l-ies i]! slc~veral
s~)acc ruis, sic)ns suctI as planetary prcjk>c,s,,
~)c~nctratc,rs,  as,tl-c,t)aut  eqL]ipnlel]t., 1 aunck)
vehicles etc.

T’llc,  p~-inlc, objcctivc,  c)f this prograIII  is tc)
dcwfclo~l ac~r-c)sl)ace qua] ity s}afe I,i-SOC12
cc~lls cal)ahlc,  c)f cielivc,ring 300 Wh\kg at
C’i? r-at-e ancl l]avir]cj an active shc?lf life, c>f
greai er- thall 5 years. Mc,etincj tt]i:}
Chal 1 c’ncJc’, i])itiatc,d  in 1980, requir-c,ci an
app]-c)a cl] that irlcluded wor-k 011 t Ilc’
funclarner)ta]  Llllclel-::t6il~ciil~g  c~f tile I-eactic,r)
nlecllarii s,nls. , c:c)nl~]c)sit ic)rl and pllys>ical
s,tx-uctur-c,  c)f ttlc, clc,c:tr-ocies  ar]cl gr-ids, Ic)lc,
C)f tll[ C’lc,ctlolyte, dc,siqn of tl)e cc] 1 trIIci
l)alallcc’ c) f matel- ial F), ~)erforrllar)~e arlc]
s!21f<,  ty/a}Jusc’ tc,:;t:: follow[,ci 1, y cell
clc:; t ruct ivc~ [)hysic:a] analyses. Tl)c’
dc,vc,lc)prrlerlt  c)f a l)icj}i  r-ate pr-inlary  litl)iuru

tllio~)yl c:t)loricle (li-SOC12)
r,lc~c:trc)cllc]lliczil cc’] 1 Culrui  natcd irl ]g~(,
wittl the cic,rl~c)r)st]-?~tic)ri of a 300 Wt]/kg ‘[)’
Size’ cell (Tat,l~ I) capable of conlirluc,us
clis.ctlarge at t}]c c/2 >ate ‘3).

‘1’}]e  resulting clccorl)l]li:;tln~ent  wa~ >-ec:c~cjni7,ed
i )y tllc’ Air lC,I-CC Space Sy:;tc,nls  [)ivisic]l,
(AFSS[)) . AFSI) awarded <i con~~-ac-t- tc) .JI)I,
to to Clcvc’1 Op 350/?50 Ah cc~l 1 s, a nci
~]atte]-ic,s fc)l- tile Centaur laurl~ll  vet)i~](,.
Tllc> Centaur rec~ui rernents a 1“ c’ c~ui t c
stz irlc~e])t and irlcluclc>  I)CI fc]rn~ar]ce test:;,
tliermal , sllc)ck, safct y, ancl vi brat. ic)rl tc, s)t s>
a t t]i qh IC!vels t c] nlcc~t the c>:~lcct ccl
~~l-c>filc,:;, as v!c~l 1 as s,ix-yc:ar-  st.orac~c~  arlci
[)UI se cli sc}large at t.hc, C\3 rate. (; I ~{
Govc,rnment  Systen(s. (later YFlrdrlcyl’ec},rlical
Pl”c)cluct s) and l[oneywc’11 PC)WC r Sc)ul-cc,s
C’entc>r  (Iatc>l- Al]iar,t T’c!ch Systems) wer-e
Selc’ctccl by cc>mpc!t  it ivc, procurc:nler]t_  to
design, fabr-icate( and tc>st state,-c~f-ar-t
high rate 150 Ah c:clls in I’base I of the,
Lask. Phase 2 of tile development, was t.c,
sol C,ct one cc)ntra~tor based c~r> cc] ]
~)c,rfc)rnlarlcc. data arlcl t c1 dc,velc)p
liglltweigil~ bat.t~r-y  capable  o f  nleetin;
Centaur flicjllt.  r-c,c~~lir-c,nier~ts. Neal- t}]c, erlci
c)f the l>h CIS, C) 1 c]evc’loprxc.nt, tl]e Air- 

F’CJI-CC
disec)ntirluccl  tllc 150 A}I cell and battc,ry
clevc~l  o])nlc, nt arlc] fc)cused Orl t}lc’
ci{,n)c)rl?>t]-?ltic)]) c)f a 2[,0 Al) l,i\SOc12 battc,l-y
fc)l Cer)taur . lic)tl) co~ltr act cl]-:; WC I-C,
:;[~lCsCtC~Cl  fC)l- l’}las,c, 2 aft_el- Cc,]] ~>itic-a]
clesigrr l-~vi C,WS; (cI)Its) a ncl ll?lttc$l-y
~,l-clinlil~a~-y clcsig], reviews (1’1)}<s).

Cc>rl::i clc, r-abl c> l’~”~sl~”~’:’:; w<]:; n,ad~> l)Y ~)cl~,l
cc)rlt~-actc)r:;. I\c)L}l Corltract c)r-s, lIC’I (1
s.ucccssful cell and }Jatt.er-y c:rit ical clc,sigrl
rc. vi cws :Illd mar)uf actu l-i ng rc~adi nc!?. s rcvi c>ws,
(MRRs) . I{c~t}l Cc)rlt r-ac:tc) r-s delivered  hicj]l
rat c, cc,] IF> :i r i cl })attcr-ic,s t}lat met <11
‘1.. (.’.,,l -.7 -,11 . 1 4 ~ :, . ,,

~ll~’linlirlal-y  ttlc,rnlal l-c,cILlil-crLlc,rlt:;. ‘I’c, $.t irl(]
r-c’su]t$ inclicatc>ci ttle suitability c)f ttlc
}Iasic CC]] arlci I,attc,]-y clc,:;icj]l:;  fc,r c.arll
Cc)nt  rac’tell- .

Yarclrlc,y ‘1’c,cl]rlical l’rc)ciuct s illitial]y
cievelo])ed  a licjht.  weigtlt tit.arliuru  llattery
case cl~?vign that nlet s,t l-uctura]
r-eclui  r-eruer-rt s i jut rlc]t. t ilc,l-rllal rc~clui  remellt s, .
Suhsequ~r]tly  Yarcirley  with t}}e assistarlce
fI-c)nl J1’1,, clevc,l  c)pc,ci  arlc] t e:; t ccl ari al unll nunl
}]c,usirlg fc)r t}lc, l]att cl-y. Arl Alumirlurrl  111:’1’-3
l,attcry, (]’iCJLll”C, ~’ ) I)iiscd c)rl a :J1’1,
sucJcJc,:;tc’cl dc, sigrl arlc] wcicjl]irlcJ “/9 ~)our)d:;
succcssful]y c-c,n,I,letccl stlc)ck aIId vit)t-at ic~)~
te:;t i]lcj witl)c]ut [Ivc,l-t)cat i IICJ ccl 1
])c,rf orrllar)cc, c:a] orirrjpt ]-y, ar~d Ill C,:; sulc
tc,s;tirlq b:c, l-c CC) I1l])I (JtcJd  .,.

IIatt(,l y
c~uallflc,  atic)rl was> ir]itiat cc]. ‘1’WCI batteries}

conlI]l eted CIllvi rc)rlnlerlt  al clyr)amic:;, c)rlc
l.,att~ly  Cc)ni})lc,tcci  ll~atcr- safety, lif~ arIcl
prelaunc}]  test incj, c,rlc })attcry completed
opc~ltrt ic)rla] life tc,:t irlcj, ar)d t l)c,lnldl
v?icuun) Wol:; t Case, IIclt - }’ayloacl Iiattc’ 1-y
(WC1l-l)l,l\)  testir,q  Vja: cc)r,[)lct  cd.

si:c!c)Nr)A}{y  1,1  ‘1’}11  UM C,!  F:  I,l,  I’ROG RAM :



.
.’

ntode]atc de, JItl Is of di S; CIIal-CIC,  (50 pc~l-cer~t ) .
~’hc> ruajc, r R&[> tl}rusts of tt)is prcxjrarn  al-c,
tc inil)lOVC, cycle, 1 ife and safety of tllc$;c’
C:c’lls. ‘J’lIcJ tecllnjcal a]~]Jrozrch  col~sis>ts of:
1) ide]]t i fjc:at jc~rl c) f :idvallc~cl c1 C’ct I-ode>

elect.]-clyte:} :’~;~~Lid:l’~~]d ~~~i’~~~e~cl~l~
mat. erjal s

C’lc)ctr-c)lytcs) Capa))l c of high sl,c~cific
C,llcl”gy a ncl 1 oI1g Cycl e life, 2)
cic,tc~]-rllillatiorl  c>f tbc! influer]ce c)f dc~siqn
val-jat>lc,s;  CJI)  CC,] 1 pc!rf ornmnc:e a))ci saf et y,
arlci 3) clevc~lo~)nlent  c~f l]rcrt.ot.yl)e  cc] IS ant]
~) ~~s)t ah] i s.}ln~c]~t c~f a performance clata
t)asc>. Fc)[l r dif ferent types of 1 it. t]ium
t)attc,ric~s> Wc’1-c’ ~)rc)})c)secl for Cic?vc>lc)pnlc’nt
LIIICIQI- t_ilis program. l’tiey are : 1) lithium
I,atteries wjt.h liclL]icl  organic electrolyte
~) lithium i C)II l>at_teries wit}] licILlicl
c>r-ga]lic elc:ctrolyte 3) litilium  polynie~
batteries, and 4) 1 ithiurn ion polymer
l~attel-ies.

After a Cic,tailc’c]  assessment of a numbc!l-  c)f
c:at}]c]cic~ mater ial s., ‘Ii S2 was ~,~] (:~~~j~ i r)
vi C,W c) f it:: ir]trinsic reversibi]  it.y a n c1
}li CJ}l sI>ccific cne7-cjy. Expc,rimerltal 1 Ah
IIithjuni  - “1’j t anj unl I)isulfjde (lli-’J’i  Sj)
cells. contai]lir)g “ ]i~Llid C)rgalll c
c,lc,ctrc)lytc,  (dc,velope’;l at .JI)I,) achi cvecl
nlc~l-c tilan 950 cyclc,s at 50 percent clc,ptt] c~f
clisctlalqe ‘L) (Figul-c, 6). ‘1’hesc: CC,IIS i]ave
a :;~)ecific CIICrqy > 120 Wh/kcj and can
O]lel-at e at twc~ hour- clischarge rat_e (C’/2)
(ligurc, “/) . Wc~rk is in progrc?ss t.o scalc,
UII t}li$; tc~c}lrlc)lc)gy  tc) tllc 5 Ah cell size.

A C,iII-l)C)rItICC>C)LIS; matc,l-ial  was> iclc~nt.i fiecl a?,
an al t c~rnat c, ar]ocie mate, rial . Use of this
rudtc,l-ial is p]-c)jected  tc) imp~-ove Lhe safety
ar)ci cyclc, life, c~f the, sc>condary lithium
l,attc,ries. ‘J’tli  S; mat c,ri a] was; found tc) have
a s.~)c,cific  capacity of 200-250 nlAh/qni at
(’\lo-c/2 di s;c}iargc, rtites ‘5) (1’able 11).
Wc)rk is -in I,rc,gIcss f-o develop 1 All litl)iuru
ion CC] 1 s wit}] met al c)xicic~ cathodes.

.11’1,  )1:1S Clcwc,lc)])ed a r]unt)c!r of pc]lyethc!r  -
)Ias~cl  :;o]icl I,c,lymcI cIcctrolytc>s;  arlci gc!llcci
c,lcc.trc)lytes> $;jrl~c. ]9r39(~f-7).
}’c)lyetllylcr~ec>>: jdr (1’};0) a r] d
[,c~lyac:~-ylc]r]itl-ilc (l’AN) ])C)I ynlc,l-s V!c’r-c
irlves.tjgatc~c] as, t}lc’  base! ~lolynlc!I-s. The
I)c)ly[,t llcl--l]?ls;<,cl elc,ctrc)lyt.c,s IIavc,
a[]ij~ecial]lc~ Cc)rlcluc:tivity n e a I- IOO”C anti
:;) IC)W stah]e irltcrfac.ial stahi]ity  towards
lithium. ‘J’llc, gel 1 ccl elect.rc]lytcs WC; rc,
fOLIJICi tCl iI?lvc!  I(E’ S Cnti’ COI,dUCt.iVit)J  c>vcrl
at I c)c Jm t c~nl})el-a(  ure . IIc)wc. vel- , ttics>c’  CJc,llc,d
C,l[,c.tlc)lytc,s a >-c foullcl t c L c rc,act ivc
t(,u:a]d:;  lit}lium ar)d r-cquilc nlc,dific.atic)r) tc)
im~,lc)ve ttlc,il :;t:lljj  ] i t y tc)wa]-cis lithium.
R[’c:c,llt]y, .11>1,  dc>vclc)[)c~d a cc)mpc)site  SC)] ici
j,cllylrlcr c,lcctrolytc,  wit-}] lithium tl-arls[)c)l-t
I)und)er  clcIse tc) urlityo Ttlis; elc~c:trc)lytc is
:;uital)lc) f 0 r use a t nc,ar IO OC’C a])d j :;
lll”C]~C’CtC’Cl  tc) ])rc>vjdr  lc,rlg cyc]~ ]]fe. Sc)nlc,
of tllc, inl])c)rtarlt J]l-c]pez-t  ic, s of t}~c, s,c)] jc~
~)c)lynlc,ric:  elc,ctrc~lytc,s  clc~vc~lc)l)c,d  at J1)I, a?”c’
givc>l! iri ‘J’ab]c,  111 . Wo]-k is in prc)cj]-es}s tc~
tla)}::itic,r] tl)i:; tc, c.}lrlcllocJy f 1- CJ1lI tllc
niate] is]:, Icv[,I tcl t)lc ccl] ICVC,I .

S01)1 UM-ME’J’A1, C!lll,O1{II)i:  C! F: I,I, }’ROG  RAM
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cllal”gc’ methocis are sinli]a? f o r  hotli Ni/FltI
and Ni/C:cl CC’] ]:, . I’lrl-tllc’r, Ni-M}l cc, ] IS Car I
tolc’1-?rtc’ overcharge a ncl overclischargc.
‘f’llcsc’ cells do not. develop sigllificarlt
~)rc, su]-c’ during cc,] 1 c]pcratic}n. i~ott] tk]c
e] oct r-ocle reactio~l?.  in Ni/Mll involve sol id
:;tatc rc,actic)rls il!volvirlg [11-cl  tell]
i]ltrrca]  at i c)n allcl cIQ- inter-calation. Ttlc
al)sen~e c) f dissolution precipitate C)I1
>eac.t ic)ns at tllc’ rlc~gzrtivc> c’] rc’t l-ode
eliminates t)lc, l~c)s>sillle cell failu]-c, clue to
denclrit. c, s}lc~rts. ‘J’l Ic~ nleta] hyciri dc:s; ccl 1 s
~,. e I]elic!ved t c1 bc’ rloI1-toxic allc]
er~vil-o]llllc~llt.al  ly acceptak>le ancl I_hc, refc)rc
~JcIsc~ IICI f]rc]}~lenls.  jll ciispos)a]  .

A  ],]-c)cjranl wit}) i)asic arid al)plic,cl I-c>:;ealc.})
e] C’nlc,llt. s was> initiatclc]  in FY 1993 at .11’1.
‘1’lle nlair] c)l)ject ive c)f tt]e l)asjc Tc:.e.ilct)
c1 C,lllc Ilt i :; t c1 Clevel cl~) aclvarlcc,  d met a]
)Iycl]-icic, matc,rials witt) i Iup]-c)vocl :;~)cri  1 ic
ca])ac;  ity allcl c,lc,ctIc]cl]c,Illiczil s,tai~ility.
‘1’}Ic, a~)p] ic, cl rc~sea r-c:}) clc,nlc,rlt i $; aimeci at
ass{~ssing t})c, tcc}ll)c)lclc~y c)f t.tic, SOA N1-MII
t~attc, ~-ic, s anti c~ual ifyincj  these, i,attcl-ic,s
for s,pace app] ic:at.  iorls, o Ni-M1l CCIIS will
t,c, IIr-C)CU]-CCi from (;atc,~;  ancl Eacjle l’itcl)el
inc]us.  tries ancl the, cc~l 1 s wil 1 bc, evaluated
fc)r thc,ir c~lc>ctrica] C}laractcri:;tics, c-yc.lc,
1 i fc, IJC1 fo]-mar)ce, and c)~]e)-at  i IICj t enll)c,l-at u] c,
l’allcjc .

SLJMMARY  AN[) C!C)NC!I,LJSIONS

(J}ll, i :; cievc,lc)ping a Ilunltlcll- of <Iciv; !f)c. c,d
battc,]icjs  fc)l- futul-c,  s.pace zil)[llic?ltic~]]:
ut]cler ti NA:; A Spclllsc)l-ccl  prc,gl-an,. Solll[, Clf
the, major acc.c)mpl ishmc,nts arc):

1) I)C>VCIC)I)CCI )Iigi) z-ate ‘[)’ :;i2.c> lli-S0~12
C:C] ] S, with CI :;pc!ci f ic C:r)ercjy clf 300 Wll/K(J
f C)r ])]arlc.tal-y al)pl i cat ic)n:;  . ‘1’tli  :
t[,c})llolc)c~y  was Sul)scqllclltly  $;calrd to 2:,[1
At) :;iz.~, ullclc~r aII Air l’C)I  -CC s,~)c]ll$;  c)r C’(1
~)rog r-am f c1 r C:elltaur 1 aullcll vc, t)iclc
a[)~)] i cat ic)rls.

2) Dc,vc~lc)pc,(J 1 Ah an~bi c~rlt Lc,nlpc]-aturc
sheconcla r-y I,i-1’iS2  cell=; with a s,pc,cific
energy c) f 100 W})\Kg a n cl Capab] e c] f
cle]ivering 1000 cyclc!s at- 50% DOD. WoIk i:.
i)) ~.)rogrctss  to dc!velop lithium ic)n cell
tcc)lnc)]ocjy.

3 ) [)evelc)pc>ci a Ilunlt)er C)f ~)c]lyc,t  }l{,l--}>zl:[[l
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3) IIal[)crt G atlcl al 198>, ‘l’c’St Results C)f
.1}’1, l,i-SOC12 CCI15;, J’r-ocecclirlgs c,f ttle 1985
~c~dcla r-c] Sf)acc }’1 iq)lt (’crltel- I)attcry
wC1l-kStlC)I),  11”/-130.

4) Slllanl])uc]i :; & a 1 ]gg], Sc, corlcla  )-y
Ilitt)iun! ccl IS fc, r- S[)acc AI)I)I icatic)n:;,
.I’roccc~ciir]g:; o f tllc, ]~~)] NASA t~attery
wol-ks}lc]~), NASA (’c)llfcr”crlc:c>  l’ut~l i cat iclrl,  501-
:)25.

8. C’cl[,  t ?C,I .1 CItlci ?! 1 ]g~[, , J . I’c)v.’cr  -
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